water-supply resources could be increased by reducing the availability of phosphorus (P) to algae (Norvell and Frink 1975; Norvell, Frink and Hill 1979) . This bulletin evaluates the feasibility of reducing the availability of P in Ball Pond by adding soluble salts of aluminum (Al) to remove P from the v;ater and retard release of P from lake-bottom sediments.
The treatment of lakes with Al to inactivate P is a method of lake restoration of relatively recent origin (Dunst et al. 1974; Jernelov 1971 ).
This approach utilizes the well-known ability of Al to bind phosphate ions through precipitation and adsorption reactions which produce insoluble hydroxides of_ Al containing variable amounts of tightly bound P. Several of these treatments to inactivate P have been effective and all have provided valuable insight into the processes removing P from lakes, the equipment required for treatment, and the types of lakes that might benefit from treatment (Cooke and Kennedy 1981; Dunst et al. 1974; Peterson et al. 1973) . Ball Pond, located in New Fairfield, CT, was selected as a candidate for in-lake treatment with Al to inactivate P after considering the criteria listed below. These criteria for selection were modified and extended slightly from those suggested by Peterson et al. (1973) :
• The lake should be mesotrophic or eutrophic so that any improvement in lake condition is easily detectable and of significance to lake users.
• The retention time of v/ater in the lake should be long enough to permit improvements to be observable and persistent.
In general, this implies that the ratio of watershed to lake area should be relatively small.
• Phosphorus should be the limiting nutrient for planktonic algae or should effectively become the limiting nutrient after treatment.
•A substantial percentage of P in the lake should be in forms susceptible to inactivation at the time of treatment.
• Inputs of P from the watershed should not be so large as to negate the effects of treatment. Phosphorus present in the lake or supplied to the lake from internal sources, e.g.
sediments, should represent a substantial portion of the annual supply.
•Lake depth should be great enough to permit effective settling and prevent resuspension of precipitated P from the bottom. • The ratio of total N to total P is usually greater than 20, v;hich is high enough so that P is expected to be the major nutrient limiting the populations of planktonic algae.
These characteristics of Ball Pond and its watershed suggest that effective reduction of P concentrations v/ould significantly restrict the growth of algae, reduce the degree of eutrophy, and increase the value of the lake as a recreational and fishery resource. Any benefits from inactivating P could persist for several years because of the long water retention time. Norvell and Frink (1975) . Norvell, Frink, and Hill (1979 Later, water samples were thawed and analyzed for soluble P, total P, NH,,-N, and Kjeldahl-N using methods described by Norvell and Frink (1975 (Fig. 1) .
This curve, in turn, was used to prepare the accompanying graph of the percentage of lake volume beneath any depth. These relationships and the area and volume data provided in Table 1 (Norvell and Frink 1975) Chlorophyll-a concentrations (Norvell 1980) and algal numbers (Connecticut Department of Environmental Protection 1979) v;ere high during 1979 and 1980. The dominant algae in the lake during v/inter, spring, and most of the summer appears to be 0. rubescens.
Algae counts taken from February through October 1979 indicated that this algae began "blooming" throughout the lake following fall overturn.
As thermal stratification began in the spring, the algae concentrated in the thermocline and remained there in declining numbers throughout the summer (Con- The anoxic, sulfide-rich waters of the hypolimnion are not a suitable habitat for trout or most other organisms.
These results confirm the eutrophy of Ball Pond and document the degradation in water quality that has occurred during the last 40 years. Decomposition of settling organic debris and release of sediment P under anoxic conditions both appear to have contributed to the elevated concentrations of P in the hypolimnion.
As a result of these processes, the mass of P in the lake is increased and redistributed into deeper waters during the summer. Redistribution is clearly illustrated by Fig. 3 which shows a pronounced peak in the mass of P in the middle of the hypolimnion at 11 meters.
In contrast to the results for April 11, 1980, the great majority of P v/as present in the hypolimnion on August 26, 1980. In addition the total mass of P in the lake was higher by almost 35%. Of particular note in Table 2 is the preponderance of soluble reactive P (largely or entirely orthophosphate) and the relatively small fraction of organic and particulate P in the hypolimnion during summer.
A high proportion of soluble inorganic P is desirable for the objective of lake treatment because this form of P is readily precipitated by multivalent metals such as Al^"*" and is strongly adsorbed by many metal oxides and hydroxides, including Al (0H)3. The amounts of total and soluble reactive P in the lake are compared in Table 4 for six dates. Work by Norvell, Frink, and Hill (1979) The data suggest strongly that internal release of P constitutes a major input to the lake during the early summer. This contribution occurs during the same period as the onset of anoxia and severe reducing conditions. Release However, these losses occurred in the epilimnion and metalimnion only.
As mentioned above, the mass of P found in the hypolimnion actually increased during this same period.
Area , Volume , and Time of Treatment Treatment of Ball Pond with Al would have two specific objectives-.
removal of P from the lake, and reduction in internal release of P following treatment.
Efficient removal of P could be most easily achieved v;hen a major fraction was present in an easily precipitated form, when it was concentrated in a relatively small volume, and when the precipitated P could be deposited in deeper waters and removed from biological cycles.
These conditions exist in the hypolimnion of Ball Pond during late July and August and persist through most of the fall. Fig. 3 and Table 4 show that both total P and soluble P were concentrated in the anoxic hypolimnion below 7 meters, especially in the deepest waters.
The area and volume below 7 meters are 180,000 m^(44.5 acres, 50% of lake surface area) and 723,000 m^(191,000,000 gal., 29% of lake volume).
Treatment of the hypolimnion would also achieve the second objective by covering the sediments of the anoxic zone with a layer of flocculated A1(0H)3 to absorb any P released by the sediment before it could mix with the lake. Further, restricting the treatment to the anoxic hypolimnion v;ould have the important benefits of reducing any chance of deleterious effects on fish populations and reducing costs by decreasing the portion of the lake to be treated.
Because soluble reactive P concentrated rapidly in the hypolimnion and persisted there throughout the summer, the timing of treatment does not appear critical.
Successful treatment of the hypolimnion appears possible from late July through October.
Treatment during September or October would avoid disruption of recreational uses during mid-summer. increased as the pH fell, especially below pH 5.5. Fig. 4 suggests that up to 10 mg/l of Al could have been added before residual dissolved Al rose above the 50 pg/1 limit suggested by Cooke and Kennedy (1981) .
This rate of alum addition was equivalent to 83% of the initial alkalinity.
Thus, for control of both pH and dissolved Al, the maximum advisable rate for addition of alum would be equivalent to 75 to 83% of the initial alkalinity.
Higher rates could be achieved with mixtures of acid-forming and alkali-forming salts, such as alum and sodium aluminate (Dominie 1980) , but that does not appear necessary for treatment of Ball Pond.
A volume-weighted calculation of alkalinity indicates that about 940,000 equivalents were contained in the hypolimnion below a depth of 7 meters during the late summer.
At an 80% neutralization rate, this alkalinity is equivalent to an addition of Al of about 6,800 kg or roughly 9.4 mg/l of Al in the treated volume. However, considering that the above rate is maximal and that hydrolysis of Al will occur largely in the zone of application, a more conservative rate of 5 mg/l or 3,700 kg of Al allows a greater margin of safety and should still be adequate for treatment.
For the twin objectives of removing P from the water and covering sediments with a layer of Al hydroxide, the distribution of alum requires a compromise betv/een equal treatment per unit area and equal treatment per unit volume.
For example, areas of the lake 7 to 11 meters deep could be treated at the 7 meter depth at the rate of 18 g/m^of Al, v;hile areas greater than 11 meters in depth v/ould be treated at the 7 meter depth but at the rate of 24 g/m^of Al. Such a treatment adds the desired total of about 3,700 kg Al to the hypolimnion but adds 1/3 more per unit area to the deeper sections of the hypolimnion.
Other compromises could easily be designed and the ultimate choice may be strongly influenced by equipment capabilities.
The only significant caveat with respect to applicatons of liquid alum arises from the SO4 anion associated with the soluble Al. Table 3 and Fig. 2 show that Ball Pond suffers at present from accumulation of HjS in much of the hypolimnion.
Some hypolimnion HgS undoubtedly comes from the reduction of SO,, and major increases in concentrations of SO4 might enhance HgS accumulaton. Were this to occur, the higher HgS concentrations could be deleterious to trout and might even enhance release of P from sediments.
However, allowing for some loss of SO,, through lake outflow, anticipating some reduction in hypollmnetic oxygen demand as a benefit of treatment, and by treating only the hypolimnion at the conservative rate of 5 mg/l, the potential hazard from added SO4 appears small while the cost advantage of liquid alum is large (Loureiro Engineering Associates 1980) . Liquid Alum Added, mg/l 
CONCLUSIONS ACKNOWLEDGEMENTS
Ball Pond is well-suited to treatment by aluminum salts for the inactivation of phosphorus.
The majority of P in the lake becomes concentrated in the hypolimnion during summer stratification and a large proportion is present as easily precipitated inorganic phosphate.
Laboratory studies suggest that treatment of the hypolimnion with liquid alum in late summer or early fall would remove about one-half of the total P in the lake, an amount somewhat greater than the estimated annual supply from external sources 
